. This has led to an analytic study (Sajben, 1999) . Paynter has investigated a compressor-face boundary condition that models the unsteady interactions of acoustic (Paynter, 1997) (Paynter, Clark and Cole, 1998) and convective velocity (Paynter, 1998) disturbances with a compressor using locally one-dimensional characteristics along with a small-disturbance model. The reflected acoustic response is computed as a function of the local stagger angle and the strength and direction of the disturbance. Paynter et al. (1998) implemented this boundary condition into two one-dimensional codes and demonstrated that it improved the simulation of the response to acoustic disturbances. The current paper addresses the implementation of the Paynter small-disturbance compressor-face boundary condition into the three-dimensional NPARC code (Chung et al., 1999) .
The Paynter small-disturbance _ompressbr-face boundary condition is summarized and an outline is presented of how the boundary condition was implemented. The behavior of the boundary condition is examined in comparison with existing outflow boundary conditions and limited experimental data.
FRAMES OF REFERENCE
The computational fluid dynamic methods operate in a
Cartesian (x,y,z) frame-of-reference. For axial flow compressors, a cylindrical (x, 0, r) frame is useful. At the compressor face, the inlet is assumed to be a constant-area annulus with the axial coordinate denoted as x. The circumferential coordinate 0 is coincident with the direction of compressor rotation. The radial coordinate r is perpendicular to the x-0 surface. A blade-fixed frame has the cylindrical frame rotating with the fan blade.
SUMMARY OF THE CASCADE COMPUTATIONS AND THE FORMULATION OF A COMPRESSOR MODEL
Paynter ( 2. The volume of the blade passage is negligible relative to the volume of the annular section of the inlet.
3. The rotational speed of the compressor is constant.
4. The stagger angle F of the compressor blade varies linearly in the radial direction,
?'case --rhub
U_>_(V, FO,_O,W_Wr,_r).
6. The flow properties prior to the disturbance are known.
7. Acoustic disturbances propagate axially. The response pressure decreases or increases depending on whether the velocity relative to the blade is increased or decreased, respectively.
Acoustic disturbances

11.
Convected disturbances are convected axially from the "adjacent" to the "boundary" grid planes without change. 14. The response becomes insensitive to solidity for solidities greater than one. Therefore, the compressor blades are assumed to have a solidity greater than 1.0. 
Radial variations in the velocity do not
ACOUSTIC RESPONSE COEFFICIENT
The acoustic response coefficient is defined as
Paynter (Paynter, 1998) and Sajben (Sajben, 1999) have each developed an expression for the acoustic response coefficient for the response from a compressor face for a small step acoustic disturbance.
Both approaches derive the response coefficient by forming a system of linear equations based on the continuity, momentum, and energy equations and using the smalldisturbance and isentropic assumptions along with the characteristic relations of the one-dimensional flow.
Paynter's acoustic response coefficient depends on whether the Mach number in the blade passage is subsonic or supersonic.
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Forsubsonic passage flow(Mpassage < 1), 13(M,.r,F) = tan 2 l-Mcy "
For supersonic passage flow (Mpassage > 1), 13(Mcj,r) = 1.0.
Sajben's acoustic response coefficient is
One can obtain a non-reflective condition by imposing [3 = 0.0. When ]3 = -1.0, one recovers the constant-pressure boundary condition. When 13= 1.0, one recovers a constant-velocity boundary condition.
CONVECTIVE VELOCITY RESPONSE COEFFICIENT
The convective velocity response coefficient is defined as Paynter (1998) has developed a velocity response coefficient using similar methods as for the acoustic response coefficient. Since axial velocity disturbances result in axial acoustic disturbance, we consider here only step circumferential velocity disturbances, By0. Thus the static pressure, static temperature, and axial velocities all remain unchanged. 
The response due to an acoustic disturbance is 8Paco,,s, ic = _y[l +_(Mcs,r)]
(p_-p_,).
The subscript a denotes the solution point adjacent to the boundary in the direction normal to the boundary. The _ is the local Courant number,
The time step is chosen such that G < 1.0 at the boundary.
The response due to a convective velocity disturbance is
,$pco,,,,<c_i,,, = -a(Mcs, r)o t,M_b+ 1 U-c7i---_-_1=7]_05 (14)
The Mxt, is the local axial Mach number at the boundary, where, and Mx5 = us I at,.
Analogous to Eq. I 1, the axial velocity can be expressed as, 
IMPLEMENTATION OF THE BOUNDARY CONDITION
The implementation of the boundary condition into the NPARC code required that the conservative variables (9, pu, pv, pw, 9e) be computed at each grid point on the boundary at each time step. The computational requirements were no greater than required for other outflow boundary conditions in NPARC. The steps of the implementation include:
1. Properties (p, P, u, v, w, a, M) are computed at the "boundary" and "adjacent" grid points for the n-th time level.
2. The stagger angle is computed using Eq. I. 3. The local Courant number is computed using Eq. 13.
4. The passage Mach number is computed using Eq. 3. 5. The convective velocity response coefficient o_(Mcf, r') is computed using either Eq. 9 or 10. 6. The Cartesian velocity components are transformed to the fixed cylindrical frame of reference.
7. The _Pconvective is computed using Eq. 14. 8. The acoustic response coefficient 13is computed using Eq. 5 or 6.
9. The 8Pacous, c is computed using Eq. 12. 10. The pressure at the new time level is computed using Eq. 11. 
16. The procedure is repeated for each boundary grid point.
RESULTS
The following results demonstrate the behavior of the Paynter small-disturbance compressor-face boundary condition in relation to other boundary conditions with comparisons to the limited experimental data for interactions with compressors.
STEP DISTURBANCES IN A STRAIGHT DUCT
This case examined the unsteady, inviscid flow in a straight, for a given compressor-face Mach number can be calculated using Eqs. 5 or 7 along with Eq. 1. If one evaluates the response coefficient for the minimum, area-weighted average, and maximum stagger angles, one obtains the vertical lines presented at the right in Fig. 3 . The Paynter expression (Eq. 5) predicts a stronger response than the Sajben expression (Eq. 7) and its overall response is dominated by the higher stagger angles.
The responses of the boundary conditions to circumferential velocity perturbations of +10% and -10% of the axial velocity are presented in Fig. 4 . The disturbance reached the sensor at a time of t = 3.7 msec; however, nothing was observed since no NASA/TM--2000-209945 
UC COMPRESSOR FACE EXPERIMENT
The experiment by Freund and Sajben (1997) The time history for the constant-pressure boundary condition is not presented, but gave an incorrect response of opposite sign with a magnitude equal to the incident pulse. The time history for the non-reflective is also not presented, but gave a slight response of the correct sign; however, this response was due to the converging duct at the compressor face.
The plots show the acoustic pulse with a magnitude approximately 4% of the initial steady-state pressure moving down- condition created the stronger response, which results in less forward motion of the shock. Paynter, Clark, and Cole (1998) observed this in the one-dimensionaI analyses and showed that the behavior became more apparent with stronger disturbances. The result was that the constant-Mach boundary condition would incorrectly overestimate the unstart tolerance.
CONCLUDING REMARKS
The Paynter small-disturbance compressor-face boundary condition was implemented into a three-dimensional computational fluid dynamics code and demonstrated a marked improvement over existing boundary conditions in predicting the response to unsteady acoustic and convective velocity disturbances interacting with a compressor face.
